The Mo-S phase diagram exhibits two stable compounds: well-recognized layered molybdenum disulfide MoS 2 and less studied molybdenum sesquisulfide Mo 2 S 3 . Here, we build a theoretical framework for the exfoliation of Mo 2 S 3 based on density functional theory calculations and further experimentally prove its dispersibility under ultrasonic treatment and demonstrate its potential for use in gas detectors. First, we report computational studies of both Mo 2 S 3 exfoliation and molecular adsorption on the Mo 2 S 3 surface.
Introduction
The discovery of the unique graphene properties 1 has triggered significant growth in research on nanosheets, nanoribbons and nanorods of other layered or chain-structured inorganic compounds. In particular, nanosized counterparts of hexagonal boron nitride, transition metal dichalcogenides, trichalcogenides and tetrachalcogenides [2] [3] [4] [5] [6] [7] [8] have been the focus of intense research.
The structures of all these compounds are characterized by weak van der Waals bonding between covalently assembled layers (or chains), allowing the exfoliation of the compounds to give nanosheets as thin as a single layer. One of the most simple and effective methods to achieve this is through ultrasonic treatment of the layered material in a suitable liquid medium. This strategy is also referred to as liquid phase exfoliation. 2, 4, 9 Molybdenum disulfide 2H-MoS 2 and its analogues (MoSe 2 , WS 2 , WSe 2 , etc.) are among the compounds whose ability to form colloidal dispersions in polar organic media by ultrasound treatment is most widely studied. 9 The MoS 2 crystal structure ( Fig. 1(a) ) is composed of three-atom-thick layers S-Mo-S, oriented across and interacting weakly. As shown in numerous studies focusing on ultrasonic exfoliation, bulk MoS 2 samples can be easily transferred to the nanostate, and the resulting molybdenum disulfide nanosheets show interesting catalytic, 10 electrochemical, 11, 12 thermoelectric, 2,13 luminescent 14,15 and gas sensing [16] [17] [18] [19] [20] properties.
At the same time, there are other interesting and less studied compounds in the transition metal chalcogenide family. One such example is molybdenum sesquisulfide Mo 2 S 3 . [21] [22] [23] [24] [25] Bulk Mo 2 S 3 shows unusual electron transport properties at low temperatures due to the metal cluster formation, [26] [27] [28] [29] [30] and it has been suggested for use as an element for memory devices. 31 More recently, Mo 2 S 3 was investigated as a cathode material. 32 This compound has a complicated quasi-layered crystal structure ( Fig. 1(b) ) and comprises two crystallographically independent metal chains with short Mo-Mo distances extending in the direction of the b axis ( Fig. 1(b) ). The comparison of the lattices of Mo 2 S 3 and MoS 2 reveals that in the former, two types of bonding between layers are realized, namely, (i) weak van der Waals SÁ Á ÁS interactions and (ii) covalent bonds between the molybdenum atoms belonging to one layer and the sulfur atoms of the neighboring layer ( Fig. 1(b) , 2(c) and Fig. S1 (c), ESI †). On the other hand, the same structure may be imagined as a stack of molecular 1T-MoS 2 layers intercalated by molecular MoS nanowires ( Fig. 1(b) , 2(a), (b), Fig. S1 (a) and (b), ESI †). Therefore, Mo 2 S 3 can be described as a quasi-layered structure, in contrast to the true layered MoS 2 , where the neighboring layers are held together only by weak van der Waals interactions. Recently, some molybdenum sesquisulfide nanomaterials were prepared with the morphology of flowers, 33 nanorods, 34 and thin layers. In the present work, we use density functional theory calculations to prove the possibility of cleaving Mo 2 S 3 crystals into sheet-like fragments. The theoretical results are supported by experimental studies of Mo 2 S 3 dispersion in various liquids through ultrasonication. Finally, we demonstrate the potential of Mo 2 S 3 films prepared from the colloids as sensors for humidity and several volatile organic compounds.
Experimental

Computational details
Apart from the pristine Mo 2 S 3 bulk crystal (space group P2 1 /m), two-dimensional nanosheets of nanometer thickness are adopted as the basic models for the theoretical study of possible ways to cut a Mo 2 S 3 crystal. The nanosheets are designed as 1-5 molecular layers cleaved along either (001) or (% 101) planes of the Mo 2 S 3 crystal, whose unit cells consist of 10 to 50 atoms (Fig. 2 , for more details see ESI, † Fig. S1 ). In addition, their possible surface complexes are considered using the models of Mo 2 S 3 (% 101) five-layer nanosheets with adsorbed DMSO or water molecules.
All quantum-chemical calculations of the crystallographic and electronic properties of bulk and few-layered Mo 2 S 3 were performed within the framework of DFT using the SIESTA 4.0 package. 40 The exchange-correlation potential within the generalized gradient approximation (GGA) with the Perdew-BurkeErnzerhof parametrization was used. The core electrons were treated within the frozen core approximation, applying normconserving Troullier-Martins pseudopotentials. In all calculations, a double-z polarized basis set was used. The k-point mesh was generated by the Monkhorst-Pack method. For k-point sampling, a cutoff of 10 Å was used. The real-space grid used for numeric integrations was set to correspond to the energy cutoff of 300 Ry. The calculations of pristine Mo 2 S 3 structures were performed using variable-cell and atomic position relaxations, with convergence criteria corresponding to the maximum residual stress of 0. Characterization X-ray powder diffraction (XRPD) patterns for solid samples (powders and films) were collected using a Philips PW 1830/1710 automated diffractometer (Cu K a radiation, graphite monochromator, silicon plate as an external standard). Zeta-potentials and dynamic light scattering (DLS) spectra were measured by using ZetaSizer Nano-ZS equipment. The thickness of the particles and surface morphology were evaluated by using a scanning probe microscope (Solver P-47H, NT-MDT, Russia). Images were obtained in atomic force microscopy (AFM) mode using non-contact cantilevers (NSG-11, NT-MDT, Russia). The samples were prepared using several drops of diluted colloidal dispersions in an ethanol-water mixture (vol. ratio of 1 : 1), which were applied to mica pieces, and dried at 70 1C for 2 h. High-resolution transmission electron microscopy (HRTEM) images were obtained by using a JEM-2010 (JEOL Ltd.) microscope with a lattice-fringe resolution of 0.14 nm at an accelerating voltage of 200 kV. Suspensions in the ethanol-water mixture were deposited on carbon film-coated copper grids. The lattice spacing was calculated by fast Fourier transform (FFT) using DigMicrograph (GATAN) software. Energy dispersive X-ray spectroscopy (EDS) was performed on a Hitachi TM3000 TableTop SEM equipped with Bruker QUANTAX 70 EDS equipment. Thermogravimetric analyses (TGA) were carried out on a TG 209 F1 Iris thermobalance (NETZSCH, Germany 
Formation and measurements of a vapor sensing element based on Mo 2 S 3 nanosheets
A thin film assembled from Mo 2 S 3 colloidal dispersions was used for measurements. The experimental sample was formed by cutting the filtered film. Electrical contacts were made of graphite paste and lead thin copper wires. Electrical resistance of the sample was measured by a standard four-point probe method, with the dc voltage being measured using a Keithley 2000. Vapor-induced changes in the resistance of the experimental sample under room conditions (relative humidity in the laboratory was 12%) were monitored using a glass chamber 8.7 L in volume. A certain volume of H 2 O, DMSO, ethanol or acetone was evaporated inside the chamber, with H 2 O and DMSO being coated onto filter paper for better evaporation. Once thermodynamic equilibrium was reached, the air-dried Mo 2 S 3 sample was placed into the chamber, and the resistance change was registered. After the sample was exposed, it was taken out of the chamber back into room conditions, and resistance relaxation was recorded. The experiment was repeated with varying volumes of water, DMSO, ethanol and acetone.
Results and discussion
DFT calculations of the bulk Mo 2 S 3
In order to understand whether free-standing few-layered Mo 2 S 3 nanosheets are energetically favorable and/or can be stabilized by adsorbing solvent molecules, DFT calculations have been carried out. As a starting point, the bulk crystal of Mo 2 S 3 was studied.
The lattice parameters of the bulk Mo 2 S 3 after geometry optimization have been found to be a = 6. The values of crystal orbital overlap population (COOP) also evidence Mo-Mo bonding. Particularly, COOPs between the nearest neighbor Mo atoms within the (001) and (% 101) planes are equal to 0.078 e and 0.090 e, respectively, while those between the second neighbor Mo atoms are equal to 0.042 e and 0.040 e. COOPs for the most of the Mo-S bonds within distorted MoS 6 octahedra have values around 0.23-0.26 e. Yet, Mo-S bonds at the boundaries of cross-sections like those drawn in Fig. S1 (A) and (C) (ESI †) have lower COOPs of 0.17 and 0.19 e, respectively, and might be the weakest links. Therefore, preferential cleavage or exfoliation of the crystal might be expected along the (001) or (% 101) planes. This preliminary guess can be proven after the direct calculations of the formation energies for the few-layered sheets.
DFT calculations of few-layered Mo 2 S 3 nanosheets
There may exist different directions to cleave a Mo 2 S 3 crystal, and the choice may be made intuitively (Fig. 2 and Fig. S1 , ESI †).
The cleavages of a or b type disclose a stratiform structure of the Mo 2 S 3 crystal as a stack of molecular 1T-MoS 2 layers intercalated by molecular MoS nanowires. The nanosheets of a type have an octahedral coordination of all Mo atoms and a sulfur-rich composition approaching Mo 2 S 3 with the thickness growth. The strictly stoichiometric nanosheets of b type should have a tetrahedral coordination of surface Mo atoms. In contrast, the cleavage of c type in Fig. 2 and Fig. S1 (ESI †) leads to nanosheets of both unperturbed stoichiometry and Mo coordination.
The initial bond lengths and valence angles within models of all Mo 2 S 3 nanosheets corresponded to the ones of the bulk. The vectors along the [100] or [101] directions in the crystal were chosen as the main translation vectors % a for nanosheets of types a or b and c, respectively (Fig. 2 and Fig. S1 , ESI †), while the translational vector % b for all nanosheets corresponded to % b in the crystal. Geometry optimization of 2D nanostructures reveals their slight in-plane contraction depending on the thickness, and a predominant decrease of the lattice parameter a, e.g., stoichiometric nanosheets ( Fig. 2(b) (Fig. S1(b) , ESI †) and Fig. 2(c) (Fig. S1(c) , ESI †)) with thicknesses of 1 and 5 layers undergo contractions of 2% and 0.5%, respectively. The structure of non-stoichiometric nanosheets (Fig. 2(a) and Fig. S1(a) , ESI †) with the same thicknesses and compositions of Mo 2 S 4 and Mo 2 S 3.11 demonstrates contractions of 7% and 1%, respectively. The change in the lattice parameter b is negligible, and its value for thick nanosheets is identical to that for the crystal.
The relative stability of the nanosheets was analyzed as a function of the surface termination and thickness (Fig. 4) . The nanosheets with (% 101) termination (type c, Fig. 2 and Fig. S1 , ESI †) appear to be the most stable among all considered types, independent of the nanosheet stoichiometry and thickness. The relative energies of all nanosheets decrease as the ). 39 The electronic properties of the nanosheets are regulated mostly by their type and weakly depend on the thickness. Main peculiarities in the band structure and DOS of the most stable Mo 2 S 3 (% 101) nanosheet consisting of 5 layers are visualized in Fig. 3(b) and Fig. S2(b) (ESI †). Despite the rise of the surface, the metal-like character of Mo 2 S 3 is preserved. The DOS profile and distribution of partial DOS, as well as the position of the Fermi level, are very similar to those of the bulk Mo 2 S 3 . Moreover, certain parts of the band structure of the nanosheet can be correlated with the band structure of the crystal along equivalent points (namely, X-S-Y-G and G-X in the nanosheet vs. Y-D-Z-G and G-Y in the crystal). The only difference is a larger dispersion of the bands for the nanosheet due to the simultaneous presence of surface and volume atoms.
Such a great similarity between the electronic properties of Mo 2 S 3 within the bulk and within a nanosheet predicates that the intrinsic conductance of the nanosheets should not be too different from that along equivalent directions of the crystal. In addition, the partial DOS analysis of the nanosheet depending on the depth does not reveal an essential difference either in the distribution or in the intensity of Mo4d-states. Therefore, the electric conductivity of the pure surface should not be essentially different from the conductivity of the bulk.
DFT calculations of Mo 2 S 3 nanosheets with H 2 O or DMSO adsorbates
As our calculations prove the preferential cleavage of the fewlayered Mo 2 S 3 nanosheets along the (% 101) plane, in practice it would mean the possibility of their formation and stabilization under the influence of ultrasonication in an organic solvent, much similarly to the truly layered compounds, such as MoS 2 or graphite. In this case, the interactions between the nanosheets and the solvent molecules would play an important role in the stabilization of the colloidal nanosheets. Earlier works employed DFT calculations to study the interactions between MoS 2 nanosheets and amino acids 42 or protein functional groups. 43 Therefore, the study of the stability of adsorption complexes between the Mo 2 S 3 surface and solvent molecules was performed using the model of the five-layer Mo 2 (Fig. 5) .
A comparison of band structures and DOS distributions between a clean Mo 2 S 3 nanosheet and an adsorbate-modified one does not establish an essential difference. Mo 2 S 3 preserves the metal-like character even after deposition of molecules at the surface (Fig. S2(d) , ESI †). The most pronounced feature is the rise of new impurity levels in DOS. Adsorption of H 2 O leads to the rise of the strong localized O2p-states at À12 eV as well as the O2p-states partially overlapping with the bottom of the valence band at À8 and À6 eV. Adsorption of DMSO molecules leads to a similar effect. Then, the DOS profile of the adsorption complex is characterized by O2p-and S3p-states of the SQO group near the bottom of the valence band and the deep states from C and H atoms.
Experimental study of Mo 2 S 3 in colloids
Further, theoretically predicted exfoliation of Mo 2 S 3 was achieved experimentally. First, the bulk polycrystalline Mo 2 S 3 was synthesized by a high-temperature reaction between MoS 2 and Mo; the phase identity was confirmed by the XRPD pattern (Fig. S3, ESI †) . The EDS results showed the proportion of molybdenum vs. sulfur atoms to be 40 : 59, which is close to the theoretically calculated value of 2 : 3. Therefore, the samples obtained are the bulk singlephase Mo 2 S 3 .
Next, we examined the colloidal dispersions that formed upon sonication of the bulk Mo 2 S 3 in organic media. The series of solvents appropriate for liquid phase exfoliation of MoS 2 was tested for Mo 2 S 3 . The resulting dispersions have a grey color and exhibit the Tyndall effect, showing the presence of colloidal particles in the liquid media ( Fig. 6(a) ). The average hydrodynamic particle size in dispersions was determined by DLS to be 190 nm with a deviation of 90 nm (Fig. 6(b) ). The concentrations (mg L À1 ) of dispersions in different solvents estimated by the weight method are as follows: water (o20), ethanol (30), ethanol-water mixture (vol. ratio of 1 : 1) (70), i-PrOH (50), acetonitrile (30), DMF (0), and NMP (70). One can see that, similarly to MoS 2 , Mo 2 S 3 is well dispersed in NMP and an alcohol/water mixture, however, the highest concentration of 130 mg L À1 is found for the Mo 2 S 3 /DMSO dispersion. The zeta-potentials were measured for colloidal dispersions in the ethanol-water mixture to be about À35 to À40 mV, confirming the good stability of the colloids. For establishing the morphology of the particles in dispersions, detailed HRTEM and AFM studies have been carried out. HRTEM data (Fig. 7(a), (b) and Fig. S4, ESI †) show that the dispersions contain ''crumpled'' plate-shaped particles of few hundred nanometers in lateral size. The plate thickness varies from 5 nm to 30 nm. Fig. 7(b) shows the HRTEM image of a B15 nm thick plate, with the interplanar spacing being 0.55 nm, that corresponds to the (% 101) plane. The FFT image in the inset of Fig. 7(b) displays a row of reflections corresponding to the lattice spacing of d À101 = 0.5498 nm. The HRTEM image corresponding to the zone axis [101] was simulated by using Stadelmann's software 44 and was found in good agreement with the experimental image (see Fig. S5 , ESI †). According to the AFM study, particles have the shape of the plates with typical lateral dimensions of 100-400 nm and thicknesses of 8-50 nm. The particle visualized in Fig. 7 (c) is the particle that consists of two closely placed particles of about 250 nm in size, and 8-20 nm in thickness (see the profile in Fig. 7(d) ). According to the XRPD study (Fig. S6 , ESI †), solid particles retain the initial Mo 2 S 3 identity independent of the type of solvent. Therefore, it is clearly shown that the bulk quasi-layered Mo 2 S 3 can be successfully dispersed by sonication in various liquid media. The particles in colloids mostly adopt a nanosheetlike morphology that proves the existence of a preferential direction for their exfoliation. This finding is in good agreement with the results of DFT calculations presented in the previous part and with earlier findings on the exfoliation of layered MoS 2 . Powerful sonication is known to break both the weak van der Waals bonds and the stronger covalent bonds, thus cutting MoS 2 or graphene into smaller sheets. 45, 46 Apparently, in our case of Mo 2 S 3 , Mo-S bonds between adjacent ''layers'' (or within them) could be overcome as well. The effectiveness of certain solvents in the stabilization of colloidal nanosheets is often explained in terms of solution thermodynamics. It is argued that successful solvents for many layered materials (MoS 2 , h-BN, graphite, etc.) should have surface energies close to those of nanosheets (B70 mJ m À2 ). 2 Another aspect to bear in mind is the possibility of chemisorption or chemical interaction between the colloidal nanostructures and solvent molecules. 45, 47, 48 For our colloidal Mo 2 S 3 nanosheets, this version is to some extent corroborated by the observed high negative zeta-potential. A complex of several factors is involved in the dispersion process: (i) breaking of van der Waals bonds, (ii) breaking of covalent Mo-S bonds within the layers and (iii) breaking of interlayer covalent Mo-S bonds. The latter two circumstances would lead to the creation of highly reactive molybdenum centers. Being highly chalcophilic and complex formers as they do, the under-coordinated Mo atoms at the edges and at the surfaces can be stabilized by complexing solvent molecules. In fact, the DFT calculations discussed above predict the stability of such adsorbate complexes. To check this assumption experimentally, we use TGA and mass-spectrum analyses to study Mo 2 S 3 deposited from the colloids.
Thermoanalytical and mass-spectrometric analyses
The presence of solvent molecules within the solid phase deposited from the DMSO colloidal dispersion was confirmed by simultaneous TG-DSC/EGA-MS analyses (Fig. 8 ). When the sample is heated up to 125 1C under an inert atmosphere, the mass loss of about 0.14% is due to the removal of adsorbed water molecules. In the mass-spectrum, a slight increase in the ion current of the particles with m/z = 18 is observed (it is not shown in Fig. 8 ). Continuous heating up to temperatures in the interval of 125-250 1C leads to a mass loss of 0.4%. This is accompanied by an increase in the ion current of the particles with m/z = 15, 45, 29, 61, 46, 47, and 48 . Such a number of fission ions indicates that DMSO molecules are the main gas products evolving at this stage. This temperature interval in the inert atmosphere is in good agreement with the boiling point of pure DMSO (189 1C). We suggest that the absence of currents corresponding to the fission ion with m/z = 63 and the molecular ion with m/z = 78 is due to high temperature (280 1C) in the capillary of the transport line from the STA device to the mass-spectrometer that causes thermal deconstruction of the DMSO molecules. The sum of mass losses when heated up to 850 1C is 1.8%. It may be due to the removal of the products of DMSO decomposition. Therefore, it is probable that the ''exposed'' molybdenum atoms resulting from the rupture of Mo-S bonds during the ultrasonic treatment of Mo 2 S 3 may be stabilized by complexing solvent molecules or their residues, similarly to MoS 2 , 45, 49 especially, taking into account the formation of many active species through solvent sonolysis. 45, 47, 48 In previous works, the Mo 2 S 3 surface was also shown to have high affinity for some organic molecules, such as anthraquinones. Fig. 9 that a positive response is registered for all four gases (resistance is increased), and the response depends on vapor concentration. The electrical resistance response of the Mo 2 S 3 sample to the change in humidity is shown in Fig. 9(a) . The resistance of the sensing element increases sharply upon contact with water vapor and recovers to its original value once taken out of the chamber. The Mo 2 S 3 thin film sensor exhibited a quick response and recovery times of about 30 s for the maximum H 2 O concentration (defined as the time required to achieve 90% of the final equilibrium resistance value). This value is well comparable to those of recently reported VS 2 -based moisture sensors 50 and exceeds the characteristics of detectors based on some other nanomaterials. 51 One can see that there are distinct saturations for every H 2 O concentration, but there was no saturation for DMSO and for higher concentrations of acetone and ethanol ( Fig. 9(b) and (c)). For DMSO the resistance increased linearly within the time range (Fig. 9(b) ) and recovered very slowly in comparison with the rest of the analytes studied, with the time for complete recovery after contact with DMSO at a concentration of 110 ppm being about 14 000 s (see Fig. S7 , ESI †). Therefore, the sensing behavior of the Mo 2 S 3 film is found to depend strongly on the chemical nature of gas molecules. But generally speaking, the changes in resistance constitute a complex phenomenon in chemiresistor studies and may be related to complicated combined mechanisms of physisorption, chemisorption, charge transfer, etc., 19 and, moreover, capillary condensation may take place, thereby leading to mechanical separation of the conducting Mo 2 S 3 nanoparticles in the film and, as a result causing an increase of electrical resistance.
Conclusions
In summary, a combined computational and experimental study of molybdenum sulfide Mo 2 S 3 in its bulk and nanosized states is reported. For the first time, we show that this material with a quasi-layered structure may be exfoliated into sheet-like nanostructures, quite similar to the true layered materials, such as MoS 2 , h-BN or graphite. DFT calculations reveal the existence of a preferential exfoliation direction along the (% 101) plane, implying the breaking of both weak van der Waals bonds and stronger covalent Mo-S bonds between the ''layers''. Moreover, the cleaved few-layered structures may be stabilized by chemisorption of organic molecules, such as DMSO, which are often used in practice as solvents. This finding is verified by the experimental observation of sonication-induced colloidal dispersion of Mo 2 S 3 in a number of liquids. Stable colloids in DMSO, NMP or an ethanol/water mixture contain rectangular Mo 2 S 3 nanosheets, whose stabilization in the dispersed state may be in (1) the sample was kept under room conditions, (2) it was placed inside a glass chamber with the vapors and (3) it was taken out of the chamber back into room conditions. part due to the surface modification by solvent molecules. The gas sensing properties of a Mo 2 S 3 film deposited from the dispersions are investigated for the detection of water, ethanol, acetone, and DMSO. Overall, the presented theoretical study, synthetic method, and demonstration of solution processability of Mo 2 S 3 are all important steps for uncovering the potential of this material for various advanced applications, including energy storage, incorporation into composites, etc.
